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ABSTRACT
Silver nanoparticles interact with light via the excitation of plasmon
resonances that are the collective oscillations of the free electron density. This
excitation represents the most efficient mechanism for the interaction of light with
matter and therefore the nanoparticles are of great interest for both fundamental
and practical points of view. In the following dissertation, silver nanoparticles,
core-shell nanoparticles, and silver nanoparticle clusters were synthesized and
there optical properties were investigated.
Chapter 1 contains general background information about the optical
properties of bulk and silver nanoparticles. It also contains a concise description
of two of my collaborative projects that did not go into the main body of the
dissertation. The results from these projects are published and relate to the
detection of the germination of the B. subtilis endospores using surfaceenhanced Raman scattering as well as plasmon assisted enhancement of light
emission from semiconductor quantum wells. This chapter also contains a brief
overview of the main body of the dissertation.
In Chapter 2, carbon nanoparticles between 10 – 50 nm in diameter and
carbon shells of various thickness around silver nanoparticles were synthesized
by the hydrothermal reaction of fructose. The effect of the carbon shells on the
plasmon resonance of the silver nanoparticles and their stability in sodium
chloride solutions was investigated. The shell thickness can be adjusted to have
insignificant damping of the plasmon resonance and provide stabilization of the
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particles in solutions with high ionic strength. Hydrazine-carbonyl cross-linking
reactions were performed to link fluorescent dye molecules to carbonyl groups on
the carbon shell surface.
In Chapter 3, binary polymer nanoparticles were synthesized by the
reprecipitation

of

poly(4-vinylpyridine)

in

the

presence

of

poly(diallyldimethylammonium chloride) and further used to make polymer coated
silver nanoparticles. Polymer shells around silver nanoparticles were formed by
two methods: the reduction of silver(I)oxide in the presence of the polymer
nanoparticles and by mixing the polymer nanoparticles with already made silver
nanoparticles. The resulting nanoparticles were coated with layers of the two
polymers with the hydrophilic polymer on the outside providing their stability in
water. The exposure of the polymer coated silver nanoparticles to unmodified
silver nanoparticles resulted in spontaneous self-assembly due to electrostatic
attraction. The polymer coated nanoparticles and the nanoparticle assemblies
were

characterized

by

UV-Vis,

surface

enhanced

Raman

scattering

spectroscopy, and transmission electron microscopy.
Chapter 4 is devoted to the fundamental studies of depolarized light
scattering from non-spherical silver nanoparticles.

Depolarized scattering

spectra in the visible/near- IR spectral regions from individual silver nanoparticles
were recorded as a function of the incident polarization angle relative to the
particle orientation. The same individual nanoparticles were also imaged with
scanning electron microscopy and the recorded spectra were correlated to the
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nanoparticles’ shape, size and orientation. It was found that the intensity of
depolarized scattered light from non-spherical silver nanoparticles strongly
depends upon particle shape and orientation relative to the polarization vector.
The intensity of depolarized scattered light also increases with increasing the
aspect ratio of the nanoparticles. The wavelengths of the depolarized scattered
light can be tuned by changing the particles’ size.
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CHAPTER ONE
INTRODUCTION

BACKGROUND
The synthesis and study of nanoparticles (NPs) or particles with the
diameter of 1 – 300 nm is currently a vast area of chemical research owing to the
unique properties that they exhibit compared to bulk materials or individual
molecules in suspension.

The unique properties of NPs arise due to large

surface to volume ratios resulting in a large number of surface atoms relative to
the total number of atoms. For example, thermodynamic processes change at
the nano-scale due to an increase of the surface energy as the material size
decreases [1]. Higher surface energy results in NPs typically having melting
points lower than the bulk material [2] and NPs crystallizing at lower
temperatures than bulk amorphous material [3]. In addition, many NPs function
as catalysts as their high energy surfaces are more reactive than the surfaces of
bulk material due to the large surface curvature [4]. For example, ~1.4 nm Au
NPs adsorb oxygen molecules on their surface and initiate the selective oxidation
of certain molecules [5]. Aside from the different thermodynamic properties that
many NPs exhibit, new quantum mechanical properties may also arise due to
confinement effects.

Quantum confinement occurs when the physical

dimensions of the NP are smaller than the mean free path of the electrons. The
effect occurs in semiconductor NPs [6] and in small metal NPs [7] known as
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quantum dots resulting in the increase of spacing between electronic energy
levels as the size of the NP is decreased [8]. Among other properties, quantum
dots are fluorescent and their absorption and emission becomes size-dependent.
Another NP specific property exhibited by several metal NPs relates to the
excitation of plasmon resonances.

Plasmon resonances are the collective

oscillation of the conduction electrons in metal NPs. Plasmon resonances may
“enhance” many optical processes as will be discussed further below.

ε2 = 2nκ
Imaginary

ε1 = -κ2
Real

Figure 1.1: Real and imaginary parts of silver’s dielectric constant as
a function of wavelength in the visible spectral region. (Data from
reference 9)

In particular, Ag NPs are an important class of nanomaterials due to the
high efficiency of plasmon excitation.

Bulk silver has the highest electrical

conductivity of any material and a unique frequency dependence of the real and
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imaginary parts of the dielectric function (Figure 1.1) [9]. The real part of the
dielectric function is a measure of the storage of energy within a material and the
imaginary part is a measure of the loss of energy within a material. Together, the
real and imaginary of dielectric function describe the interaction of the metal with
the electromagnetic field. In relevance to light, the real part of the dielectric
function represents the degree to which a material can be polarized by an
external electromagnetic field and the imaginary part represents optical losses
such as absorption due to inter-band transitions and inelastic electronphonon/electron-electron interactions. The real part of the dielectric function of
silver is largely negative indicating the strong scattering of light, especially
towards the red side of the visible spectral range. The imaginary part of the
dielectric function of silver is small throughout the visible spectrum indicating
weak light absorption.

High density of conducting electrons and the

aforementioned frequency dependence of the dielectric function together with
confinement to the nano-scale (dimensions less than or close to mean free path
of electrons in Ag, 52 nm at 25° C) allow the excitation of plasmon resonances.
The excitation of plasmon resonances in Ag NPs is the strongest known
interaction between light and matter [10].

As an electromagnetic wave

propagates close to a Ag NP, the electric vector polarizes the NP by displacing
the conducting electrons away from their equilibrium position (Figure 1.2). A
restoring force arising from the Coulomb attraction between the electrons and the
nuclei causes the sinusoidal oscillation of the free electron density relative to the

3

nuclear framework [11]. The amount of electrons that contribute to the plasmon
resonance is related to the size of the Ag NP and the skin depth of the metal.

Figure 1.2: Schematic of plasmon oscillation for a sphere,
showing the displacement of the conduction electron density
relative to its equilibrium position. (Adapted from reference 11)

The skin depth is the distance to which the electromagnetic field penetrates into
a material: it is ca. 24 nm for bulk Ag at 620 nm [10]. The skin depth increases
with higher frequencies of the electromagnetic field. When the Ag NP diameter is
less than or equal to the skin depth, all conducting electrons in the NP will
contribute to plasmon resonance. As the Ag NP diameter becomes larger than
the skin depth of Ag, only electrons towards the surface of the Ag NP oscillate
collectively. Collective electron oscillations in Ag NPs or Ag thin films larger than
the skin depth are commonly referred to as surface plasmon resonance.
Silver NPs are synthesized in our lab by a wet chemical technique that
involves the hydrogen gas reduction of silver(I)oxide dissolved in ultrapure water
[12]. This method produces size-controlled, surfactant free, single crystal Ag
NPs.

These characteristics make the hydrogen reduction method an ideal
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synthetic route to produce Ag NPs as they can be grown from 10 – 300 nm in
diameter and can be easily modified because their surface is not passivated by a
organic or/and inorganic molecules that are typically used to stabilize metal NPs.
In addition, the approximate size of the Ag NPs can be determined from the
position of the maximum extinction in the extinction spectra. The Ag NPs remain
stable and dispersed in solution indefinitely due to a charged metal oxide layer
on the surface of the NP consisting of AgO– and Ag(OH)2– species.

These

charged species produce a thick electric double layer in low ionic strength water
(ultrapure water) that stabilizes the NPs via repulsion. These Ag NPs have a
zeta potential of -35 mV at pH 9 [13]. The following is the chemical reaction for
the synthesis of Ag NPs.

Dissolution
2 Ag(OH)2– + 2 H+

1) Ag2O + 3 H2O
2) 2 Ag(OH)2–

2 Ag+ + 4 OH–
2 Ag+ + 2 OH–

Net) Ag2O + H2O

Reduction
2 Ag+ + H2

2 Ag0 + 2 H+

Net Reaction
Ag2O + H2

2 Ag0 + H2O

5

[14]

Characterization of Ag NPs is most commonly achieved through electron
microscopy to accurately determine the NP size/shape and UV-Vis spectroscopy
to measure the intensity and spectral position of plasmon resonances.

The

shape of the UV-Vis extinction spectrum (absorption + scattering) of Ag NPs is
highly dependent on the size of the NPs (Figure 1.3). The peaks in the extinction
spectra represent resonant modes which may range from dipoles to
hexadecapoles depending on the size of the Ag NPs. For example, Ag NPs with
diameters from approximately 1 – 60 nm are characterized by one plasmon peak
belonging to a dipolar mode. As the NP size increases past 60 nm, a shoulder

Figure 1.3: UV-Vis extinction spectra of different sized Ag NPs ranging from
10 nm (bottom blue line) to 215 nm (top green line) dispersed in water.
(Adapted from reference 14)
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on the blue side of the dipole appears due to the excitation of a quadrupolar
resonant mode. Still, as the Ag NP size is increased even further, higher order
modes may be excited such as octapoles and hexadecapoles [14]. In addition to
the appearance of multiple peaks in the UV-Vis spectra, the plasmon resonance
also red-shifts and broadens as the NP size increases. Note that for Ag NPs
larger than 200 nm, the dipole is in the near-IR spectral range outside of the
spectral window shown in Figure 1.3B.
The appearance of the multipolar plasmon modes as the Ag NP size is
increased is due to phase retardation. The spectra of Ag NPs much smaller than
the wavelengths of light are characterized by a sharp symmetric peak belonging
to the excitation of a dipole plasmon resonance. In this simple case, the entire
NP experiences a uniform electric field because the size is much smaller that the
wavelengths of light. However, as the Ag NP’s size approaches the wavelength,
the field is no longer uniform throughout the NP. Furthermore, the excitation of
the electron oscillations in the skin depth of the NPs also contributes to the nonuniformity of the field. These two factors cause the excitation of higher order
plasmon modes. Red-shifting and broadening of the plasmon resonance with
size is due to the excitation of a larger ‘electronic mass’ owing to the collective
nature of the electron oscillations in the plasmon resonance.
The degree, to which Ag NPs absorb or scatter light is also size
dependent.

A study was conducted in this lab, in which the scattering and

absorption spectra of Ag NPs ranging in diameters from 29 – 136 nm were
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individually measured [15]. It was found that the extinction spectrum of Ag NPs
less than 50 nm is dominated by absorption. The extinction spectrum of ca. 52
nm Ag NPs has nearly equal parts of absorption and resonant scattering and Ag
NPs larger than 52 nm have extinction spectra that are dominated by resonant
scattering.
The excitation of plasmon resonance in Ag NPs results in an enhanced
evanescent field that exponentially decays from the surface of Ag NPs and is
several orders of magnitude larger than the incident field. It was experimentally
found in this lab that the local field extends 40 nm from the surface of ca. 85 nm
Ag NPs [16]. The evanescent field may enhance many optical processes such
as surface enhanced Raman scattering (SERS), enhanced fluorescence, and
enhanced IR absorption. Specific examples of utilization of this “enhancement”
are described below.
COLLABORATIVE WORK
The following cases exemplify my contribution to two collaborative
projects. These projects are not considered to be a major part of my dissertation
therefore I discuss them only briefly below.

SERS for Monitoring of Endospore Germination
Surface-enhanced Raman scattering spectroscopy (SERS) was used to
monitor the germination of a single Bacillus subtilis endospore. Bacillus subtilis
is a harmless model bacterium in the same genus as several harmful bacteria
such as B. anthracis (anthrax) and B. cereus (foodbourne illness). The
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Figure 1.4: SERS spectra of a single B.
subtilis endospore following addition of 100
mM L-alanine as a function of time. The total
time on the time axis is 20 min. Part B shows
the normalized intensity of the peak at 1010
cm-1 as a function of time. (Adapted from
D.D. Evanoff. Jr., et al. J. Am. Chem. Soc.
2006, 128, 12618)
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dipicolinate calcium chelate comprises ~10% of the total spore weight in Bacillus
species and is gradually released as the spores germinate. The dipicolinate
anion is a strong SERS molecule and provides a way to identify the spores.
SERS spectra from individual B. subtilis endospores were measured from the
spores adsorbed on SERS substrates and exposed to a germinating agent. The
SERS substrates were fabricated on microscope slides coated with a silver
mirror followed by a monolayer of poly(diallyldimethylammonium chloride)
(PDDA), a self-assembled array of Ag NPs, and a second layer of PDDA. PDDA
is a polycation that has affinity for glass, Ag NPs, and endospores which all have
a negative surface charge. The endospores were adsorbed onto the top layer of
PDDA from a dilute suspension so that there was ample spacing in between
them. Using a Raman microscope, SERS spectra were collected over 35 min
from individual endospores at ca. 2 min intervals starting at time zero with the
addition the germinant L-alanine (Figure 1.4). The peak at 1010 cm-1, which is
characteristic of the breathing mode of the pyridyl ring of the dipicolinic anion,
increased in intensity for approximately 20 min before decreasing and then
stabilizing. The peak at 794 cm-1 belonged to PDDA and provided an internal
standard for normalization as its concentration remained constant. This study
represented for the first time a spectroscopic method that was utilized to monitor
the germination of a single B. subtilis spores. This work was published in The

Journal of American Chemical Society:
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D.D. Evanoff, Jr., J. Heckel, T.P. Caldwell, K.A. Christensen, G. Chumanov.
Monitoring DPA release from a single germinating Bacillus subtilis
endospore via eurface-enhanced Raman scattering microscopy.
J. Am. Chem. Soc. 2006, 128, 12618.

Plasmon Enhancement of Light Emission from Quantum Wells
Plasmonic structures can enhance light emission. In this work, arrays of
Ag NPs imbedded in poly(dimethylsiloxane) (PDMS) were used to increase the
efficiency of luminescence from Indium doped Gallium Nitride quantum wells. By
controlling the size of Ag NPs and their spacing within an immobilized twodimensional array, one can carefully tune the plasmon resonance frequency [17]
to overlap with the absorption band of semiconductors and fluorophores.

A

quantum well is typically made by sandwiching a thin p-type semiconductor
between two n-type semiconductors. This general structure is commonly used in
laser diodes such as those utilized in DVD players.
Silver NPs were first self-assembled onto a poly(4-vinylpyridine) (PVP)
coated glass slide. PVP forms an adhesive layer between glass and Ag NPs by
hydrogen bonding with silanol groups on the glass surface and covalently binding
with Ag metal [18]. After the self-assembly of a Ag NP monolayer on the PVP
coated glass slide, a mixture of dimethyl siloxane base and curing agent was
poured on top of the substrate and allowed to cure to form a PDMS film that was
a few mm thick. The cured film, now with embedded Ag NPs, was peeled off
leaving a “clean” glass slide [19]. The luminescence efficiency of InGaN/GaN
quantum wells was measured with the PDMS/Ag NP film pressed firmly against
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the quantum well surface. The same PDMS film, but without Ag NPs, was used
as a control. The presence of the PDMS/Ag NP film caused the efficiency to
increase 4.4 times while the PDMS film alone caused a decrease in the efficiency
(Figure 1.5, (a) control film, (b) NP film). The PDMS/Ag NP film caused an

Figure 1.5: Measured photoluminescence spectra from various combinations
of coated (PDMS film) and uncoated (no PDMS film) samples. Control film
refers to a pure PDMS and NP film refers to PDMS with embedded Ag NPs.
(Adapted from J. Henson, et al. App. Phys. Lett. 2009, 95, 151109)

increase in the luminescence efficiency because the local electromagnetic field
associated with the plasmon resonances of the Ag NPs became resonant
coupled with the excitons in the quantum well thereby increasing the rate of the
exciton excitation and causing more intense luminescence from the quantum
well. The PDMS film alone caused a reduction in the luminescence efficiency
because less light was absorbed by the quantum well due to the increased
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reflection of incident light compared with the air-quantum well interface. This
work was published in Applied Physics Letters:
J. Henson, J.C. Heckel, E. Dimakis, J. Abell, A. Bhattacharyya, G. Chumanov,
T.D. Moustakas, R. Paiella. Plasmon enhanced light emission from InGaN
quantum wells via coupling to chemically synthesized silver nanoparticles. App.
Phys. Lett. 2009, 95, 151109.

OVERVIEW
Silver NPs have potential for applications involving optical labeling i.e.
biological cells, because of their strong light scattering. Even though their size is
well below the diffraction limit, they can easily be seen by eye using a
microscope because their scattering cross section exceeds their geometric cross
section. The scattering cross section of 60 nm Ag NPs is more than 6 times
greater than their geometric cross section [15]. Silver NPs have the advantages
over conventional optical labels such as organic fluorophores and quantum dots
in that they are photo-stable and do not blink or autofluoresce. However, one
significant problem with using Ag NPs as optical labels is that they lack the ability
to remain dispersed in many ionic solutions. For example, silver is reactive with
chloride ions which cause the NPs to aggregate and fall out of colloidal
suspensions.

In order to develop Ag NPs for possible biological related

applications, one must develop a scheme to coat the surface of the NP and
protect them from aggregation.
Chapter 2 describes the synthesis of Ag NPs with carbon shells derived
from the hydrothermal decomposition of fructose.
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The carbon shell imparts

added stability to the Ag NPs so that they do not aggregate in saline solution, a
natural medium where many biological assays are performed. The carbon shell
also provides a scaffold for further modification such as attachment of
fluorophores or proteins and does not substantially quench plasmon resonance
as the direct proximity to the metal surface would do. The results of this work are
published in Colloid and Polymer Science:

J.C. Heckel, F.F. Farhan, G. Chumanov. The effect of fructose derived carbon
shells on the plasmon resonance and stability of silver nanoparticles. Colloid
Polym. Sci. 2008, 286, 1545.

The self-assembly of NPs is another important area of research within
nanotechnology because it could become the ultimate technology of the future.
One can potentially develop NPs that will spontaneously assemble into complex
architectures with novel, practically important properties.

In order to better

understand the interaction of light with ensembles of Ag NPs, it is important to
first understand how Ag NPs interact with each other at different distances: farfield diffraction, near-field interactions, and electronic coupling [20].

Far-field

interaction (diffraction) occurs when the distance between the NPs is on the
order of the wavelengths of light or greater.

Each NP experiences the

propagating field of the incident light and scattered fields from neighboring NPs,
thus behaving as independent oscillators. Near-field interactions occur when the
distance between the NPs is less than the wavelengths of light.

Each NP

experiences the propagating field from the incident light as well as the local fields
associated with plasmon resonances from neighboring NPs.
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Near-field

interactions result in the narrowing and blue shifting of the plasmon resonance.
Electronic coupling occurs when Ag NPs are in intimate contact with one another
so that the NPs are separated by a few nm or less. The electron wave functions
of neighboring NPs overlap and cause the broadening and red-shifting of the
plasmon resonance. Electrons may tunnel between neighboring NPs and small
clusters of electronically coupled Ag NPs behave more as one larger NP than the
sum of individual NPs. Note that the coupling of plasmon resonances (plasmon
coupling) occurs with near-field interactions and electronically coupled Ag NPs.
The self-assembly of Ag NPs to form small clusters was explored in
Chapter 3 by first synthesizing Ag NPs coated with a polymer shell containing
functional groups that had an affinity for the bare Ag surface.

When mixed

together, the polymer coated Ag NPs spontaneously self-assembled with
unmodified Ag NPs to form stable clusters. In addition, a novel method based on
reprecipitation of binary mixtures was developed for coating NPs with polymers.
The work was published in Langmuir:

J.C. Heckel, L.M. Kisley, J.M. Mannion, G. Chumanov. Synthesis and
selfassembly of polymer and polymer-coated Ag nanoparticles by the
reprecipitation of binary mixtures of polymers. Langmuir. 2009, 25, 9671.

As was discussed above, Ag NPs scatter light very efficiently and have
potential for application as optical labels. In addition to strong light scattering,
non-spherical Ag NPs with aspect ratios larger than 1 also strongly depolarize
scattered light. This property provides a unique opportunity for a simple, highcontrast imaging platform that can be used for many applications including
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biological assays, cell sorting, etc. By exciting Ag NPs with linearly polarized
light and viewing them through a crossed polarizer, one can selectively detect
and measure only the depolarized light from the NPs on the essentially dark
background.

The recording of depolarized scattered light is advantageous

because it inherently provides large contrast and, consequently, large signal to
noise ratio as the incident light is effectively blocked from the detector.
In the late 1800’s, Lord Rayleigh studied light scattering from small
ellipsoids and found that the polarization of scattered light was different than the
polarization of incident light. The scattering of depolarized light occurs due to the
excitation of two or three resonances that oscillate synchronously and
perpendicular to one another [21] and will be discussed further in Chapter 4. The
effect of depolarization had been explored earlier by J. C. Maxwell in terms of
magnetic fields when he found that “the moment of force acting on an ellipsoid
having different magnetic coefficients for the three axes...tends to turn it about
the axisP” [22].

Research on the depolarized scattering of electromagnetic

fields by ellipsoids [23], spheroids [24], and clusters of spherical particles [25]
has continued through the years finding application in tracking antibody-antigen
interactions [26], determining translational and rotational diffusion coefficients
[27], and determining particle size [28] and shape [29]. All the previously studied
systems were dielectric particles that did not have the advantage of the strongest
interaction with light that Ag NPs have.
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Chapter 4 describes the depolarized light scattering behavior of nonspherical Ag NPs. The shape and intensity of the depolarized scattering spectra
was highly dependent on the NP size and shape and its orientation relative to the
incident light polarization. This work will be published as a series of two articles
in the Journal of Physical Chemistry C.

J.C. Heckel, G. Chumanov. Depolarized Light Scattering From Immobilized
Silver Nanoparticles (I) Single Nanoparticles. Manuscript in preparation. Will be
submitted to the Journal of Physical Chemistry C.
J.C. Heckel, G. Chumanov. Depolarized Light Scattering From Immobilized
Silver Nanoparticles (II) Single Nanoparticle Clusters. Manuscript in preparation.
Will be submitted to the Journal of Physical Chemistry C.
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CHAPTER TWO
THE EFFECT OF FRUCTOSE DERIVED CARBON SHELLS ON THE
PLASMON RESONANCE AND STABILITY OF SILVER NANOPARTICLES

INTRODUCTION
There is currently great interest in composite nanostructures consisting of
two or more materials allowing the combination of different properties into one
small entity. Silver NPs interact efficiently with light via the excitation of plasmon
resonances which are the collective oscillations of the free electron density [1].
In fact, the excitation of plasmon resonances in Ag NPs represents the most
efficient mechanism by which light interacts with matter [2]. Therefore plasmonic
Ag NPs are promising building blocks for various photonic applications [1] and
are widely used for SERS [3,4] and enhanced fluorescence [5,6] spectroscopy,
as well as biological imaging [7-10]. For many applications, Ag NPs require
protective shells because they can easily aggregate in high ionic strength
solutions or in solutions containing molecules that have affinity to the silver
surface. In addition to the protection function, the shell should provide a scaffold
for easy surface modification of NPs. Strategies for protecting and modifying Ag
NPs include encapsulation into dielectric shells such as silica and titania via solgel chemistry, [11,12] polymers by emulsion polymerization, [13] and adsorption
of long aliphatic chains [14] or short peptides and amino acids [15] through the
self-assembly technique. The shell should be nonmetallic, otherwise quenching
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of the plasmon resonance can occur. Carbon is an alternative shell material
because it is inert, robust, and has been reported to be a biocompatible layer on
artificial implants [16].

Good sources of carbon are hydrothermally treated

sugars and cellulose. This approach was used to synthesize carbon nano- and
micron-sized particles, and mesoporous structures [17-20].
The formation of carbon shells around magnetic nanoparticles [21,22] as
well as on Ag NPs and other Ag nanostructures by the hydrothermal reaction of
glucose was previously reported by Yadong Li and others [18,23-27]. The work
presented here focuses on the effect of the carbon shell on the plasmon
resonance of different sized Ag NPs and on the stability of these nanoparticles
(C:Ag NPs) in electrolyte solutions as well as on their surface modification. In
addition, the hydrothermal reaction of fructose without Ag NPs in water was
studied. This reaction resulted in the formation of carbon nanoparticles (C NPs)
of significantly smaller size than previously reported.

The analysis of this

reaction helped to understand the formation of the carbon shells around Ag NPs.
Silver NPs were synthesized by the hydrogen reduction of silver oxide yielding
aqueous suspensions of single crystal, monodispersed particles of different sizes
that can be easily controlled [28]. Fructose was used as a carbon source for the
shells and C NPs. The NPs were characterized by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), UV-Vis extinction spectroscopy,
and Raman spectroscopy.

21

MATERIALS AND METHODS
Silver (I) oxide (99.99% purity) received from Sigma Aldrich, NaCl
received from Fisher, Alexa Fluor 488 received from Invitrogen, carbohydrazide
received from Acros, and fructose purchased from a local grocery store, were
used without further purification. A glass pressure tube was purchased from Ace
Glass.

Slide-A-Lyzer Dialysis cassettes (10K MWCO) were purchased from

Thermo Scientific. UV-Vis extinction spectra were recorded with a Shimadzu
2501PC spectrophotometer. TEM images were obtained with a Hitachi 7650 and
the SEM image was obtained with a Hitachi 4800 electron microscope. SERS
and Raman spectra were recorded using Triax 550 spectrograph equipped with a
CCD detector, model Symphony 1024x256-BIDD-1LS (Jobin Yvon), coupled to a
microscope (Olympus IX71) with a 20x objective. Fluorescence spectra were
recorded using a Photon Technology International flourometer.
C NPs were synthesized by dissolving 0.1 M – 1 M fructose in 10 mL of
milliQ (Millipore) DI water in a 20 mL glass pressure tubes and sealed with a
Teflon cap and Viton o-ring. The pressure tube was placed in an aluminum
heating block and sand was poured into the space between the aluminum block
and the tube. The reaction temperature was monitored from a thermometer in
the aluminum block which was placed on a hot plate. The fructose solutions
were heated to 110°C and 130°C over one hour and held at that temperature for
6 – 23 hours.

After cooling down to room temperature, the product was

transferred into a dialysis cassette and dialyzed against milliQ water for
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purification of the C NPs.

The C NPs were also treated at supercritical

conditions. Fifty mL of C NPs synthesized from 0.4 M fructose for 7 hours were
purified and concentrated into 2 mL volume. The concentrated C NP solution
was transferred into a 3/8” x 4” silver ampoule which was welded shut on both
ends. The ampoule was then placed in a 27 mL Inconel autoclave and counter
pressured with water. The sample was heated at 400°C for the duration of one
week. No further purification of the sample was done before analysis. Ag NPs
were synthesized by reduction of Ag2O by H2 gas in milliQ DI water according to
the previously described procedure [28]. To form carbon shells, fructose was
dissolved in 10 mL of aqueous Ag NP suspensions with optical density of
approximately 1 to obtain final fructose concentrations of 0.1 M – 0.4 M. The
temperature was brought to 130° C over the course of one hour and held at this
temperature for 5 hours before being allowed to cool down to the room
temperature. The product was centrifuged and washed with water and ethanol 56 times or until the supernatant showed no absorption in the UV spectral range.
The stability of C:Ag NPs was tested by dispersing the NPs in 0.2 M NaCl
and compared to that of unmodified Ag NPs. The solution was stirred for 24
hours and UV-Vis extinction spectra were recorded prior and after the exposure
to NaCl.

To determine the relative size of pores in the carbon shell, SERS

measurements of adenine were undertaken from C:Ag NPs. 100 uL of saturated
adenine solution was added to 2 mL of Ag NPs and 2 mL of C:Ag NPs
synthesized with 0.25 M fructose and stirred for four hours to allow adsorption of
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adenine.

The NPs were centrifuged and dried onto a microscope slide and

SERS spectra were recorded.
In order to experiment with C:Ag NPs surface modification, a hydrazinecarbonyl cross-linking reaction was performed. A 1 mL solution containing C:Ag
NPs of optical density 2 was diluted to 1.5 mL using carbohydrazide dissolved in
water to make the final carbohydrazide concentration 10 mM.

A C:Ag NPs

solution of the same volume and concentration was prepared with no
carbohydrazide. A drop of concentrated HCl was added to both the solutions to
begin the cross linking reaction which was stirred for two hours. After this time, a
small volume of Alexa Fluor 488 was added to both solutions making their
concentration 2.5 µM, followed by stirring overnight.

The solutions were

centrifuged and the C:Ag NPs were resuspended 3 times to wash away free
Alexa. Fluorescence emission spectra were measured by exciting at 495 nm and
recording between 505 – 600 nm.
RESULTS AND DISCUSSION
Prior to the deposition of the carbon shell around Ag NPs, the
hydrothermal reaction of fructose without Ag NPs was carried out in water.
Under hydrothermal conditions, fructose undergoes dehydration and hydrolysis
reactions to form many products including hydroxymethylfurfural (HMF), 2-(2hydroxyacetyl)furan (HAF), various acids, and carbonaceous precipitate [29-32].
Glucose behaves similarly forming carbonaceous precipitate as a result of the
hydrothermal reaction.

Fructose generally requires lower temperatures than

24

glucose to form carbonaceous precipitate [17]. The carbonaceous precipitate
forms colloidal particles between 80 nm – 5 µm, as was previously reported [1719]. The composition of particles depends on the temperature and duration of
the reaction whereas longer reaction time and/or higher temperature cause more
carbonization. After complete loss of water from sugars, a graphitic phase is
formed.

The starting concentration of fructose is also important because it

determines the concentration of C NPs. C NPs form at lower temperature (<
200°C) and/or during shorter reactions (<12 hours), whereas longer reaction time
(>12 hours) and or high temperature (>200°C) yield rather large aggregated
precipitates.

Higher reaction temperature and time also result in carbon

precipitates containing more graphitic phase due to loss of more water from the
sugars.
A possible mechanism for the formation of the carbonaceous precipitate
was described in [18] according to which the process starts with the dimerization
of glucose molecules and continues with the formation of larger oligomers. After
reaching a critical concentration, oligomers aggregate into NPs with minimum
size of ca. 150 nm. However, Exarhos, et. al. have shown C NPs of ca. 80 nm
diameter synthesized from glucose [17]. In our experiments, the hydrothermal
reaction of fructose at 110°C resulted in ca. 10 nm C NPs. It is believed that the
formation of such small C NPs does not necessarily require the oligomerization
but rather the condensation of small monomeric fructose dehydration products
such as HAF and HMF molecules that act as initial seeds. It has also been
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shown that carbonaceous precipitate formed from the hydrothermal reaction of
HMF alone [29].

The difference between this model and the mechanism

described in [18] is that the growth of C NPs took place by stepwise
condensation of molecules, similar to a sol gel reaction, as opposed to the
sudden aggregation of oligomers. Elevated heat and pressure caused the further
carbonization of small NP seeds and, as more fructose molecules dehydrated
and reacted with the seed, NPs grew further. The core of the NP was carbonized
to a higher degree, while the surface just began the carbonization process. The
less-carbonized surface contained the hydroxyl and carbonyl functional groups
from HAF for example, as well as carboxyl groups from the oxidation of carbonyls
during the reaction [17,18,24].

In addition, acid, which is formed during the

reaction, self-catalyzed the carbonization of sugar [32]. If time and temperature
permit, this process will lead to aggregation of the C NPs, as the particles grow
too large to remain in colloidal suspension or all the fructose molecules have
been depleted and the large C NPs aggregate and continue to carbonize
becoming more graphitic.
To test this model, 0.1 M – 0.6 M aqueous fructose solutions were heated
for 7 – 24 hours at 110°C and 130°C in pressure tubes.

Purified C NPs

synthesized from 0.4 M fructose were additionally treated in supercritical water at
400°C for one week.

Images of the products obtained at the two extreme

conditions, specifically at 110°C for 7 hours and 400°C for one week, are shown
in Figures 2.1a and 2.1f, respectively. Independent of fructose concentration, the
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Figure 2.1: C NPs and aggregates a) Fructose concentration - 0.3 M ,
reaction time - 7 hours, reaction temperature - 110°C b) 0.2 M, 12 hours,
110°C c) 0.3 M, 12 hours, 110°C d) 0.5 M, 12 hours, 110°C e) 0.4 M, 7
hours, 130°C f) conc. C NPs, 1 week, 400°C

seven hour reaction yielded what appeared to be a film with a few imbedded C
NPs. Such structure was indicative of the beginning stage of C NP formation, for
which the reaction time was not sufficient for the seeds to grow into larger NPs.
The film most likely consisted of very small NPs because it was retained by a
dialysis membrane with 10 kDa (ca. 1-4 nm pore size) cut off. The supercritical
treatment, on the other hand, resulted in complete aggregation of C NPs
because the solution did not contain fructose molecules and, as the reaction
proceeded, the surface of the C NPs continued to carbonize and finally lose all
functional groups on the surface and, consequently, solubility in water. As the
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reaction time was increased to 12 hours at 110°C, C NPs with the diameter
between 10 nm – 40 nm were formed depending on fructose concentration
(Figure 2.1b –2.1d). Smaller C NPs appeared to have more irregular shape and
were more polydispersed compared with larger C NPs. This surface irregularity
and polydispersity was due to loosely bound, not fully carbonized species that
defined the size and shape of the small C NPs.

As the size of the NPs

increased, the core became more carbonized and the particles appeared more
spherical and monodispersed (Figure 2.1e). This trend is commensurate with the
model for growth of C NPs based on the condensation of HMF and HAF
molecules. Twenty four hour reaction times at low temperature formed large
aggregates analogous in appearance to those shown in Figure 2.1f. Reactions
at higher temperatures resulted in larger C NPs for the same reactions time. For
example, 7 hours at 130°C resulted in C NPs with diameters of about 50 nm
(Figure 2.1e).

It is important to note that either the reaction time or the

temperature can both be adjusted to result in the same size C NPs, so that
shorter reactions at higher temperatures yield the same particles as longer
reactions at lower temperatures.

Particles as large as 1 micron were also

synthesized by using higher fructose concentrations (data not shown).
Raman spectroscopy was used to characterize C NPs (Figure 2.2).

Raman

spectra of all samples are quite complex and can be characterized by the
presence of two broad bands with several distinct shoulders origin of which is
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currently unknown.

The band at 1345 cm-1 is called the D-band and is

1345

1580

characteristic of a disordered carbon and the band and 1585 cm-1 is the G-band
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Figure 2.2: Raman
spectra of C NPs a) 0.3
M fructose heated for 7
hours at 110°C b) 0.3
M, 12 hours, 110°C c)
0.4 M, 7 hours, 130°C
d) Conc. C NPs, 1
week, 400°C

corresponding to the first order phonon of graphite and is representative of a
more graphitic structure [33]. All samples except the supercritical sample exhibit
a doublet at ca. 1550 cm-1 and ca. 1600 cm-1 whereas the supercritical sample
has a single peak at 1585 cm-1 in this frequency range. The overall Raman
spectra are characteristic of disordered carbon containing microcrystalline
graphite phase that increased in samples treated with higher temperature and
longer reaction time. The G-band is already present, albeit weak, in the sample
treated for 7 hours at 110°C (Figure 2.2a)
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and its intensity increased after

extending the reaction time to 12 hours at the same temperature (Figure 2.2b) or
carrying out the reaction at 130°C for 7 hours (Figure 2.2c).

After the

supercritical treatment, however, the G-band characteristic of microcrystalline
graphite substantially intensified and sharpened (Figure 2.2d). It was found that
graphite formation, from the hydrothermal reaction of fructose did not depend on
the presence of silver but only on the temperature and duration of the reaction.
The hydrothermal reaction of fructose was also performed in the presence
of Ag NPs resulting in the formation of carbon shells around the NPs. The first
stage of the shell growth involved self-assembly of fructose dehydration product
molecules on the Ag NP surface.

These carbonyl functionalized molecules

adsorbed on the Ag NP surface by ion-dipole attraction and hydrogen bonding to
Ag+ and Ag(OH)2- species and formed large seeds for further growth of the
carbon shells, which proceeded as explained above for C NPs. Carbon shells of
varying thickness were formed around Ag NPs with varying diameters, three of

Figure 2.3: Images of various C:Ag NPs a) 50 nm Ag NPs synthesized with
0.3M fructose b) 100 nm Ag NPs, 0.4M fructose c) 150 nm Ag NPs, 0.2M
fructose.
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which, 50 nm, 100 nm, and 150 nm, are discussed here (Figure 2.3).

The

fructose concentration ranged from 0.1 M to 0.4 M corresponding to carbon
shells from 7 nm to 75 nm thick. Carbon shell thickness increased non-linearly
with increasing fructose concentration. C:Ag NPs with shells less than 10 nm
thick, obtained from the reaction with 0.1 M fructose, had the tendency to
aggregate during the reaction and weren’t reproducible for all NP sizes.
One of the purposes for carbon shells is for the protection of Ag NPs while
maintaining their optical properties. Carbon has a large imaginary part of the
dielectric function that causes light absorption in the visible spectral range
therefore carbon shells can cause damping of the plasmon resonances of Ag
NPs. It was reasoned that an optimum shell thickness can be determined that
will provide protection for the Ag NPs with minimum damping of the plasmon
resonance. The carbon shell had a strong effect on the plasmon resonance of
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Figure 2.4: UV-Vis extinction spectra of C:Ag NP synthesized with a) 50 nm
Ag NPs, b) 100 nm Ag NPs, and c) 150 nm Ag NPs. Solid lines correspond
to unmodified Ag NP, dotted lines correspond to C:Ag NPs synthesized with
0.1 M fructose, short dashed lines – 0.2 M fructose, long dashed lines – 0.3
M fructose, and dash-dot-dot lines – 0.4 M fructose
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Ag NPs by shifting it into the red spectral region as the shell thickness was
increased (Figure 2.4). For the 50 nm Ag NPs, a 70 nm red shift was observed
after the reaction with 0.2 M fructose and further increase of fructose
concentration did not result in more red shift even though thicker shells were
produced. For 100 nm and 150 nm Ag NPs, the plasmon resonance continued
shifting to the red with increase of the shell thickness. This behavior can be
rationalized by considering how far the local electromagnetic field associated with
the oscillating electrons extends from the surface of the Ag NP [11]. The field
extends further from larger particles as compared to smaller ones. The red shifts
of the plasmon resonance in C:Ag NPs originated from the increase of the local
dielectric function due to the deposition of the carbon shells. The thicker the
shell, the larger the local dielectric function and more shift is produced. However,
this process stops after the thickness of the shell exceeds the maximum distance
to which the local field extends [11]. For smaller Ag NPs, the maximum distance
is shorter, so the red shift of the plasmon resonance stopped with thinner carbon
shells (Figure 2.4a), whereas the red shift continued with the increase of the
carbon shell thickness for larger Ag NPs. In addition to the red shift, the carbon
shells produced damping of the plasmon resonance, as was evident from the
decrease of the resonance intensity, as well as a gradual increase of the
extinction further in the blue spectral range. Extreme plasmon damping can be
observed for 150 nm Ag NPs with the thickest carbon shell (75 nm), for which the
plasmon resonance peak completely disappeared (Figure 2.4c, dash-dot-dot

32

line). The thicker the shell, the larger the contribution from the imaginary part of
the dielectric function, resulting in more plasmon damping. The gradual increase
of the background extinction as the shells grew was due to the absorbance and
scattering from the carbon.
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Figure 2.5: UV-Vis extinction spectra of C:Ag NP synthesized with a) 50 nm
Ag NPs, b) 100 nm Ag NPs, and c) 150 nm Ag NPs. Before (solid lines) and
after (long dashed lines) the exposure to 0.2 M NaCl for 24 hours refer to
C:Ag NPs synthesized with 0.2 M fructose in a), c) and 0.25 M in fructose in
b). Before (short dashed lines) and after (dotted lines) NaCl exposure refer to
C:Ag NPs synthesized with 0.3 M fructose in a),c). Spectra are offset for
better visibility

Stability of the C:Ag NPs was studied by exposing the NPs to 0.2 M
sodium chloride solution. The addition of NaCl to uncoated Ag NPs initiated
immediate aggregation and the suspension became clear after a couple hours.
Contrary, C:Ag NPs remained stable after 24 hours exposure to the chloride
solution (Figure 2.5). Even though C:Ag NPs with thin shells were stabilized
against aggregation, the exposure to the chloride solution caused a blue shift of
the plasmon resonance (long dashed lines in Figure 2.5a and 2.5c). The blue
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shift was due to the chemisorption of chloride ions on the silver surface which
donated electron density to the Ag NPs [34]. Chloride ions had less of an effect
on the plasmon resonance of C:Ag NPs with thicker carbon shells. These results
suggest that the carbon shells were porous.

Small pores (0.4 nm) were

previously reported in large carbon spheres synthesized from the hydrothermal
reaction of glucose in water [19]. A SERS experiment was undertaken in order to
estimate the pore size in C:Ag NPs. Uncoated 100 nm Ag NPs and the same
NPs with carbon shells synthesized from 0.25 M fructose were exposed to an
adenine saturated solution for period of 4 hours and SERS spectra were
measured. Whereas uncoated NPs exhibited a characteristic SERS spectrum of
adenine, C:Ag NPs did not yield any SERS spectra under the same experimental
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1328
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516

conditions (Figure 2.6). This result indicates that the adenine molecules did not
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Figure 2.7: C:Ag NP
reaction with Alexa
Fluor 488. Solid line with carbohydrazide.
Dashed line – no
carbohydrazide

Figure 2.6: SERS
spectra of a) C:Ag NPs
and b) uncoated Ag
NPs after exposure to
adenine.
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reach the silver surface and the pore size in the carbon shells is smaller than
adenine molecules (estimated 0.5 nm [35]). The combined results of the above
experiments suggest that, as the carbon shell became thicker, the porosity
decreased due to increasing layers of carbon, so that thicker shells completely
protected Ag NPs from the surrounding environment.
In order to explore the potential for the surface modification of C:Ag NP, a
hydrazine-carbonyl cross-linking reaction was performed. This reaction is wellknown and is often used for quantifying sugars and levels of protein oxidation
[36,37]. The carbonyl functionalized fluorescent dye Alexa Fluor 488 was linked
to carbonyl groups on the surface of the C:Ag NPs by the symmetric cross-linker
carbohydrazide.

Spectra from the reaction can be seen in Figure 2.7.

The

reported emission maximum of Alexa Fluor 488 is 519 nm and the measured
fluorescence from the dye modified C:Ag NPs was 3 nm blue shifted indicating
that the dye was attached to the carbon surface via carbohydrazide (Figure 2.7,
solid line). Carbohydrazide itself is a non-fluorescent molecule and controlled
experiments revealed no indication that Alexa Fluor 488 reacted with or adsorbed
onto/into the carbon shell when no carbohydrazide was present (Figure 2.7,
dashed line). Quantification of the dye linked to the surface of C:Ag NPs from
the fluorescence data was difficult due to potential fluorescence quenching by the
carbon shell.
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CONCLUSION
The hydrothermal reaction of fructose allows the synthesis of carbon NPs
starting from 10 nm to at least one micron in diameter. Their size, rate of growth,
and the degree of carbonization can be controlled by changing fructose
concentration, reaction time, and temperature. The reaction can be used for
synthesis of carbon shells around NPs as was exemplified using Ag NPs of
various sizes. The same parameters that control the size of carbon NPs also
control the thickness of the shells. The shell thickness around Ag NPs can be
adjusted to provide protection and stabilization for the NPs in high salt
concentrations, at the same time, to have a minimum damping effect on the
plasmon resonance. The carbon shell offers a scaffold for surface modifications
via carbohydrazide coupling to the surface carbonyl groups. Strong plasmon
resonance, stability at physiological salt concentrations, and the possibility for
attaching proteins or other molecules using standard cross-linking methods make
C:Ag NPs a promising system for biological applications, for example in optical
labeling and imaging.
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CHAPTER THREE
SYNTHESIS AND SELF-ASSEMBLY OF POLYMER AND POLYMER COATED
SILVER NANOPARTICLES BY THE REPRECIPITATION OF BINARY
MIXTURES OF POLYMERS

INTRODUCTION
A fundamental issue of nanotechnology is the manipulation of molecules
and small particles to form ordered structures at the nm to µm range.

The

assembly of molecules can be accomplished through the formation of LangmuirBlodgett films [1], self-assembled monolayers [2], and via layer-by-layer
deposition of polyelectrolytes [3]. These methods also have been extended to
the assembly of NPs at liquid-liquid [4] and liquid-air interfaces [5] as well as their
self-assembly driven by mutual affinity such as hydrogen bonding [6],
electrostatics [7], and antigen-antibody binding [8].

Other methods for the

assembly of NPs include physically manipulating individual particles with the
cantilever tip of an atomic force microscope [9], controlled movement of NPs with
optical tweezers [10], and self-assembly in an applied magnetic field [11]. The
self-assembly of NPs based on chemical affinity represents the most promising
method for manipulation of NPs because it can proceed in a parallel manner to
result in unlimited sized structures in a reasonable amount of time and does not
require complex instrumentation or external force.

One route to the self-

assembly of NPs is the ‘brick and mortar’ technique [6] which starts by
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synthesizing polymer shells on NPs that change their surface functionality. Selfassembly occurs after mixing the surface modified NPs with other NPs that have
an affinity to the polymer shell.
Controlling the self-assembly of Ag NPs is an important goal because it
could lead to the development of novel optical materials based on the coupling of
plasmon resonances between two or more individual Ag NPs.

Plasmon

resonances are the collective oscillation of the free electron density in metals and
for gold NPs and Ag NPs, it can be excited in the visible spectral range. The
excitation of plasmon resonances result in a number of interesting optical
phenomena such as SERS and enhanced fluorescence. Upon irradiation of two
or more closely packed Ag NPs, the collective oscillations of electron density in
individual NPs become coupled, producing delocalized plasmon modes. One
characteristic feature of plasmon coupling is that the electromagnetic field in the
space between the NPs is concentrated and appears enhanced as compared to
incident radiation [12]. As a result, optical processes which depend upon local
electromagnetic fields will be enhanced. One can expect that optical properties
can be optimized for specific applications such as sensors, photovoltaics, nonlinear materials, etc.

Relevant reports include the assembly of Ag NPs on

dielectric spheres [13], formation of chain-like networks [14], assembly of Ag NP
aggregates for SERS [15], and assembly of Ag NPs along Ag nanowires to study
surface plasmon localization [16]. Polymer shells were previously formed around
Ag NPs by polymerization of adsorbed and solution free monomers [17,18] and
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the reduction of Ag salts in polymer micelles [19]. A potentially more simple
method for forming polymer shells is by the reprecipitation of hydrophobic
polymer in an aqueous environment.

This approach was utilized for the

synthesis of fluorescent polymer NPs by mixing fluorescent polymer dissolved in
tetrahydrofuran with excess water [20,21].

A similar approach was also

demonstrated for the synthesis of NPs consisting of aggregates of small
molecules [22] and binary NPs consisting of both hydrophilic and hydrophobic
polymers [23].
In the following work, polymer nanoparticles (P NPs) were synthesized by
mixing

poly-(4-vinylpyridine)

(PVP)

dissolved

in

ethanol

with

poly(diallyldimethylammonium chloride) (PDDA) dissolved in water as an initial
step towards the formation of polymer shells. In the presence of Ag NPs, the P
NPs formed polymer shells around Ag NPs in water at elevated temperature.
The polymer shells imparted affinity on the Ag NP surface which allowed them to
spontaneously self-assemble with unmodified Ag NPs. The resulting P:Ag NPs
and nanoparticle assemblies were analyzed by UV-Vis, SERS spectroscopy, and
transmission electron microscopy (TEM).
EXPERIMENTAL
CHEMICALS AND INSTRUMENTATION
Poly(diallyldimethylammonium chloride) (PDDA, Average MW = 450,000),
poly-(4-vinylpyridine) (PVP, Average MW = 160,000), and silver(I)oxide (Ag2O)
were purchased from Sigma Aldrich and used without further purification. 4-
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Mercaptobenzoic acid was purchased from Tokyo Chemical Industry Company.
Carbon coated, Formvar supported copper grids (300 mesh) were purchased
from Ted Pella.

UV-Vis extinction spectra were recorded using a Shimadzu

2501PC spectrophotometer.

TEM images were recorded with Hitachi 7600

microscope. SERS spectra were excited using 514.5 nm radiation from an Argon
ion laser and recorded using a Spex Triplemate 1377 with a Princeton
instruments (model # PB11000) liquid nitrogen cooled CCD detector. The laser
power at the sample was ~10 mW and the total acquisition time was 100 s for
each SERS measurement. Millipore MilliQ water with nominal resistivity of 18
MΩ•cm was used throughout.
SYNTHESIS OF PNPs
Polymer NPs were synthesized by adding 2 mL of PVP dissolved in
ethanol into a vial containing 8 mL of water or PDDA dissolved in 8 mL water
while in a sonicating bath. The ratio of PVP to PDDA was varied between 5:1
(5PVP:1PDDA) and 1:5, but the total concentration of polymers was kept at
approximately 6x10-3 % by weight. To test the heat stability of 5PVP:1PDDA
NPs, a vial containing the P NPs was placed in a 70°C water bath and held at
that temperature for 30 minutes.
SYNTHESIS AND SELF-ASSEMBLY OF P:Ag NPs
P:Ag NPs were synthesized in the first approach by the reduction of Ag2O
following a previously reported procedure [24], but with the addition of P NPs.
Silver oxide (0.25 g) was partially dissolved in 250 mL water and heated to 70°C.

42

Ten mL of P NPs synthesized with 1PVP:5PDDA or 5PVP:1PDDA was added to
the solution followed by pressurization with H2 gas and 30 minutes of vigorous
stirring. In the second approach, Ag NPs were first synthesized by the reduction
of Ag2O in water by H2 gas according to a previously published method [24]. A
20 mL glass vial was exposed to a dilute aqueous solution of PDDA for 4 hours
to allow adsorption of the polymer to the glass surface. The vial was then rinsed
and refilled with 10 mL of water which was heated to 70°C. While vigorously
stirring, 12.5 µL of 6x10-3 % 1PVP:1PDDA solution by weight was added to the
water followed by the addition of 90 nm Ag NPs to yield the optical density of ca.
1. The mixture was stirred for 5 min to allow the polymers to adsorb to Ag NPs
surface. The self-assembly was tested by mixing P:Ag NPs with unmodified Ag
NPs of various sizes and stirred briefly.

The nanoparticle assemblies were

allowed to settle out over a period of days and resuspended in water twice to
remove excess P:Ag NPs.
SERS AND TEM MEASUREMENTS
SERS spectroscopy was used to characterize the individual P:Ag NPs and
the self-assembled structures. SERS was recorded from suspensions of P:Ag
NPs synthesized with 1PVP:5PDDA, unmodified 250 nm Ag NPs, and the
mixture of the two NP suspensions.

Additional SERS measurements were

performed on samples spiked with 80 nM of 4-mercaptobenzoic acid.
Nanoparticle assemblies synthesized using the mixing procedure were
removed from their suspensions by adsorbing to PVP modified TEM grids. This
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method ensured that the particles appeared on the TEM images in the same
aggregation state as in the suspension. All other grids were prepared by dropcasting the suspensions.
RESULTS AND DISCUSSION
The polymers PVP and PDDA were selected as materials for shells
around Ag NPs. PVP is a hydrophobic polymer which has affinity to silver metal
by forming a covalent bond between pyridyl groups and silver metal. PDDA is a
hydrophilic cationic polymer that also adsorbs to the negatively charged surface
of Ag NPs. Due to its hydrophobic nature, PVP alone is not suitable for the shell
material in an aqueous environment as at any concentration it induces the
aggregation of NPs. Whereas hydrophilic PDDA also induces aggregation at low
concentrations, at high concentrations it stabilizes the NPs in the suspension.
PVP binds more strongly to the Ag surface relative to PDDA due to the covalent
nature of the bond. The combination of the two polymers resulted in a new
material capable of forming stable shells around Ag NPs in an aqueous
environment.
Reprecipitation experiments were performed with the polymers alone
before the coating of the shells around Ag NPs. Previously, Sussman, et al.
mixed hydrophobic poly(lactic-co-glycolic acid) with water soluble polymers such
as poly(acrylic acid) and poly(ethlylene glycol) to form stable suspensions of P
NPs bearing the surface functionality of the hydrophilic polymer [23].

In the

current work, PVP was mixed with PDDA to form binary P NPs. Upon injection of
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an ethanolic solution of PVP into water, the PVP molecules collapsed onto one
another forming 100 – 300 nm PNPs, mostly in an aggregated state as was
evident from the cloudy appearance of the suspension and the TEM image
(Figure 3.1A). However, when the PVP solution was mixed into water containing
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Figure 3.1: TEM of A) PVP NPs, B)
5PVP:1PDDA NPs, and C) 5PVP:1PDDA
NPs after heating at 70°C. D) UV-Vis of
PVP NPs (solid line), 5PVP:1PDDA NPs
(dotted line), and heated 5PVP:1PDDA NPs
(dashed line) in water.

PDDA, P NPs were formed in the 20 nm size range and the suspension
appeared clear (Figure 3.1B).

The resulted binary P NPs consisted of PVP

globules with PDDA molecules in the surface layer that screened the
hydrophobic PVP and stabilized the globules against aggregation in aqueous
environment while imparting a different surface functionality. The injection of the
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PVP solution into water containing PDDA resulted in the formation of small P
NPs by preventing the individual PVP molecules from collapsing with each other.
It is hypothesized that the binary P NPs contained on average one PVP molecule
that was in a globular state.

In order to estimate the number of polymer

molecules in the binary P NPs, the size similarity between the PVP and
polystyrene monomers was used.

Based on light scattering experiments,

Swislow et al. reported that individual 2.6x107 MW polystyrene molecules
collapsed into 50 nm globules when the temperature of cyclohexane solvent was
decreased [25].

Yu et al. reported that a single 8.6x106 MW polystyrene

molecule formed a 23 nm globule under similar condition [26]. It is well known
that a polymer molecule in a ‘bad’ solvent collapses into a globule with a
hydrodynamic radius (R) that scales with the number of monomers (N) to the one
third power, according to R ~ α (N)1/3, where (α) is a constant dependent on the
chemical nature of the polymer. The constant α was calculated for the data from
both references to be equal 0.52 and 0.79. The size of the globules formed from
1.6x105 MW PVP was estimated using the average α (0.66) to result in a 7.6 nm
hydrodynamic radius. This number indicates that 20 nm P NPs obtained in this
work most likely consisted of single PVP molecules wrapped with PDDA that also
contributed to the overall size.
Whereas binary P NPs were stable as prepared at room temperature, the
suspension turned cloudy when heated to elevated temperatures. The heating of
5PVP:1PDDA NPs in 70°C water for 30 minutes caused the fusion of small P
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NPs as was evident from the size increase from 20 nm to greater than 100 nm,
and the formation of aggregates (Figure 3.1C). This fact suggested that the
formation of P NPs in cold water was kinetically stabilized; the small NPs are
thermodynamically unstable and have a natural tendency to fuse together
forming larger P NPs. The minimization of the total surface energy of the system
is the driving force for this process: the combined surface area of two smaller
spheres is greater than the surface area of a larger sphere with equal volume.
Indeed,

the

kinetic

stabilization

required

a

delicate

balance

between

concentrations of hydrophilic and hydrophobic polymers for the successful
synthesis of ca. 20 nm P NPs. For instance, the ratio of 1PVP:1PDDA resulted
in more stable P NP suspensions over long shelf time than P NPs synthesized
with 1PVP:5PDDA and 5PVP:1PDDA mixtures. However, all suspensions turned
cloudy when heated to elevated temperatures.
UV-Vis spectra of the P NPs exhibited ‘tailing’ into the visible spectral
range in addition to the absorption of PVP polymer at 255 nm.

The tailing

represent light scattering from particles that are smaller than wavelength of light,
whereas light scattering from aggregates that approach the wavelength of light in
size is manifested as a raise of the overall baseline. As expected, the least
tailing and the lowest baseline were observed for 20 nm P NPs (Figure 3.1D).
The fusion of small binary P NPs indicated that the polymer chains were
mobile at elevated temperatures, and this behavior was exploited to coat Ag NPs
with polymer shells. In the first approach, Ag NPs were synthesized at 70°C by
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Figure 3.2: TEM of P:Ag NPs
synthesized by the hydrogen
reduction method with
A)1PVP:5PDDA NPs and B)
5PVP:1PDDA NPs. C) TEM of
P:AgNPs synthesized by the mixing
of 90 nm Ag NPs and 1PVP:1PDDA
NPs. The arrows point to the areas
where the polymer shell is most
obvious.
20 nm

20 nm
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the hydrogen reduction of Ag2O in the presence of 1PVP:5PDDA and
5PVP:1PDDA preparations of P NPs. The synthesis resulted in 25-35 nm
AgNPs coated with 2-5 nm polymer shells (Figure 3.2A, 3.2B). During this
reaction, the surface of binary P NPs acted as nucleation sites for the reduction
of silver. PVP has a stronger affinity to the silver surface as compared to PDDA
so that, as the Ag seeds grew, the propensity of PVP to bind with silver pulled the
PVP molecules from the interior resulting in the formation of the shells around Ag
NPs as well as leaving the residual polymer aggregates. PDDA remained on the
outside surface of the shell stabilizing the entire structure. As the reaction
proceeded, more Ag NPs were formed without further growth in size because the
polymer shell passivated the metal surface. The process continued until all
polymeric material was used up for the shells and, if the reaction continued
further, the NP suspension collapsed owing to the cross-linking of the particles by
newly reduced Ag that was not passivated by the polymers. The dispersibility of
P:Ag NPs in water indicated that the polymer shell consisted of a layer of
hydrophobic PVP directly adsorbed to the Ag surface covered by a layer of
hydrophilic PDDA. UV-Vis extinction spectra of the P:Ag NPs were similar to that
of unmodified Ag NPs of the same size (Figure 3.3A). The P:Ag NPs
synthesized with 1PVP:5PDDA were also fairly monodispersed as was evident
from the TEM images and the symmetry of the extinction band (Figure 3.2A,
3.3A). However, the P:Ag NPs synthesized with 5PVP:1PDDA were more
polydispersed and exhibited a shoulder in the UV-Vis spectrum (Figure 3.2B,
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Figure 3.3: UV-Vis of A) P:AgNPs
synthesized using the hydrogen reduction
method with 1PVP:5PDDA (solid line) and
5PVP:1PDDA (dotted line). B) 90 nm
AgNPs before (dashed line) and after
(solid line) coating with polymer shells
using mixing method.
3.3A). The shoulder corresponded to the partial aggregation of the P:Ag NPs,
due to fewer PDDA molecules in solution available for protecting the PVP
surface. Contrary, the 1PVP:5PDDA preparation did not exhibit any shoulder in
the UV-Vis spectra and remained stable after a period of several months without
any visible aggregation. Although the reduction of Ag2O in the presence of P NPs
is a capable method for synthesizing P:Ag NPs, it does not have flexibility for
producing P:Ag NPs with Ag NPs over a wide range of sizes.

The optical

properties of Ag NPs are size dependent so it is important that the size of P:Ag
NPs can be tuned as desired [27]. Therefore, the second approach was used, in
which P:Ag NPs were synthesized by mixing at 70°C different preparations of P
NPs, such as 1PVP:5PDDA, 1PVP:1PDDA, and

5PVP:1PDDA with already

made unmodified Ag NPs. There was no significant changes in the P:Ag NPs
when using different P NP preparations, except that the 1PVP:1PDDA
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preparation had the lowest baseline in the UV-Vis extinction spectra indicating a
lower degree of aggregation compared to the other two preparations.

The

amount of polymer needed to coat the Ag NPs was dependent on the
concentration of Ag NPs, to provide a sufficient amount for coating the surface of
all Ag NPs, but not in excess to avoid free polymer in solution.

When the

concentration of polymer was too low, P:Ag NPs aggregated due to interactions
between P:Ag NPs with partial polymer shells. If the concentration of polymer
was too high, P NPs dispersed in solution caused the aggregation of added
unmodified AgNPs during the self-assembly experiments, described below. The
optimum concentration of P NPs that did not cause the aggregation resulted in
the formation of thin (2-5 nm) uneven shells around the Ag NPs (Figure 3.2C).
The shells caused a 20 nm blue spectral shift of the plasmon resonance (Figure
3.3B). The blue shift was most likely due to the adsorption of Cl- counter-ions
from PDDA on the Ag NP surface which donated electron density to the Ag NPs
[28]. PDDA provided the positive charge density on the P:Ag NP surface that
was used to make assemblies with negatively charged unmodified Ag NPs. Selfassembly experiments were performed by mixing unmodified Ag NPs (90-250
nm) with P:Ag NPs (25-35 nm) synthesized in the presence of both
1PVP:5PDDA NPs and 5PVP:1PDDA NPs using hydrogen reduction method
(first approach). The exposure of P:Ag NPs to unmodified Ag NPs led to the
spontaneous formation of nanoparticle assemblies (Figure 3.4A – 3.4D). The
P:Ag NPs synthesized with 5PVP:1PDDA appeared to have stronger affinity to
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Figure 3.4: TEM of the nanoparticle
assemblies: A) and B) 1PVP:5PDDA P:Ag
NPs and 90 nm unmodified AgNPs, C)
1PVP:5PDDA P:Ag NPs and 250 nm
unmodified Ag NPs, D) 5PVP:1PDDA P:Ag
NPs and 250 nm unmodified Ag NPs

the unmodified Ag NP surface compared to 1PVP:5PDDA P:Ag NPs, as was
evident from roughly twice more P:Ag NPs in the nanoparticle assemblies (Figure
3.4C, 3.4D). This is most likely due to the fact that this preparation has less or
no free PDDA in solution compared to the 1PVP:5PDDA P:Ag NPs preparation.
Excess free PDDA in solution could adsorb to the unmodified Ag NPs thereby
preventing the capture of the P:Ag NPs.

P:Ag NPs synthesized with

5PVP:1PDDA also caused more aggregation when mixed with unmodified Ag
NPs compared to the 1PVP:5PDDA preparation.
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The UV-Vis extinction spectra of nanoparticle assemblies were markedly
different from those of individual Ag NPs in that all spectra were characterized by
two distinct plasmon peaks: the blue peak with several shoulders all
corresponding to intrinsic plasmon modes associated with the Ag NP cores and
the red peak characteristic of the plasmon coupling between the adsorbed P:Ag
NPs and the core (Figure 3.5). The spectra also have raised baselines in the
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Figure 3.5: UV-Vis of A) 1PVP:5PDDA
P:AgNPs mixed with 90 nm unmodified
AgNPs, B) 1PVP:5PDDA P:AgNPs mixed with
120 nm unmodified AgNPs, C) 1PVP:5PDDA
P:AgNPs mixed with 250 nm unmodified
AgNPs, D) 5PVP:1PDDA P:AgNPs mixed with
250 nm unmodified AgNPs. Dashed lines
correspond to the unmodified AgNPs and solid
lines correspond to the nanoparticle
assemblies.
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near IR spectral region indicating the presence of large aggregates. Some large
aggregates were expected to form due to the particle cross-linking when the
same P:Ag NP was bound to two or more unmodified Ag NPs.
The UV-Vis extinction spectra of unmodified Ag NPs are described by
several bands corresponding to plasmon modes of different orders [29].
Particles with the diameter of 90 nm exhibit one dipole peak at 480 nm and a
shoulder at 416 nm due the quadrupole mode, (Figure 3.5A). For larger particles
(120 nm diameter), the dipole shifted to 512 nm and the quadrupole became
more pronounced at 423 nm (Figure 3.5B). Very large Ag NPs (250 nm) exhibit
a quadrupolar mode at 514 nm and an octupole at 455 nm (Figure 3.5C). Note
that the dipole component for such large Ag NPs is shifted off the scale into the
near IR spectral range. Upon assembling with 30 nm 1PVP:5PDDA P:Ag NPs, a
new red band appeared around 580 nm, spectral position of which was almost
independent of the size of the Ag NP core. This red band corresponded to a
plasmon coupled mode characterized by electron oscillations in 30 nm P:Ag NPs
interacting with the electron density of the unmodified Ag NP core. Because the
size of the core was much larger than the size of adsorbed P:Ag NPs, these
particles ‘see’ rather ‘continuous’ Ag surface independent of the actual size of the
core.

When the 5PVP:1PDDA preparation was used for the assembly, the

plasmon coupling band was further red-shifted to ca. 650 nm reflecting both the
plasmon coupling between the core and P:Ag NP as well as between P:Ag NP
themselves due to their close proximity to each other (Figure 3.5D).
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In this

preparation, PVP was in excess relative to PDDA resulting in nanoparticle
suspensions without free PDDA in solution and, consequently, leading to
assemblies with denser coverage on the surface. Because more P:Ag NPs were
assembled onto the Ag core, the intensity of the red band was also larger relative
to the blue band associated with the core.
The blue band with the shoulders also experienced transformations upon
the adsorption of P:Ag NPs on the surface of the Ag NP cores. The dipole
component in smaller (Figure 3.5A, 3.5B) and the quadrupole component in
larger NPs (Figure 3.5C, 3.5D) shifted further to the blue spectral range, whereas
the spectral position of the quadrupole in smaller and the octupole in larger NPs
remained unchanged. The shifts are due to the effect of smaller P:Ag NPs onto
intrinsic plasmon modes of the larger unmodified Ag NPs cores. This behavior is
similar to the distance dependence of the plasmon coupling between two Ag
nanoparticles. As the coupling increases with decreasing distance, the intrinsic
plasmon resonance of a single particle splits into transverse and longitudinal
modes with the former shifting to the blue and the latter shifting to the red
spectral ranges [30]. It is also known that higher multipolar components of the
plasmon resonance are less sensitive to external perturbations.

It was

concluded that the intrinsic plasmon modes of the core contributed more to the
blue band than the intrinsic plasmon modes of the adsorbed P:Ag NPs because
the former has a significantly larger plasmon excitation cross section than the
latter due to their size difference.

55

The self-assembly experiments were also performed with P:Ag NPs
synthesized via the mixing procedure, (Figure 3.6). As in the previously
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Figure 3.6: A) and B) TEM of nanoparticle
assemblies produced with 60 nm unmodified
AgNPs and 90 nm P:AgNPs synthesized by the
mixing procedure. C) UV-Vis of 60 nm
unmodified AgNPs (dotted line), 90 nm
P:AgNPs (dashed line), and the nanoparticle
assemblies (solid line).

described experiments, nanoparticle assemblies with various core sizes and
particle densities in the outer shell can be synthesized. A new, red-shifted band
in the extinction spectra was always observed due to the plasmon mode
corresponding to the electron oscillations in the adsorbed unmodified Ag NPs
coupled to the electron density of the P:Ag NP cores.

In addition, a band

corresponding to the intrinsic plasmon modes of the core and the adsorbed Ag
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NPs was also observed, the spectral position and intensity of which was affected
by the presence of the Ag NPs on the surface. The UV-Vis extinction spectrum
of nanoparticle assemblies made with 90 nm P:Ag NPs cores synthesized via the
mixing procedure and 60 nm Ag NPs on the surface is shown in Figure 3.6C.
The extinction band at 695 nm represents the plasmon coupling mode whereas
the blue band at 424 nm corresponds to the intrinsic plasmon modes of the core.
It is possible that this band also has a contribution from the intrinsic plasmon
modes of the adsorbed Ag NPs because these particles are closer in size to the
core, contrary to the case described above.
Raman spectroscopy was used to characterize the individual P:Ag NPs
and the corresponding nanoparticle assemblies.

The SERS phenomenon

provides the enhancement of the Raman scattering cross section for molecules
adsorbed in certain regions (‘hot spots’) of silver (gold) nanostructures capable of
supporting plasmon modes [31,32]. The SERS spectrum of P:Ag NPs was not
well pronounced and contained several weak bands, most of which can be
associated with PVP, namely 1010 cm-1, 1071 cm-1, and 1209 cm-1
corresponding to ν1 ring breathing mode, ν18a C-H in-plane bend, and ν9a C-H inplane bend, respectively (Figure 3.7A).33 The bands at 880 cm-1 and 1456 cm-1
are also most likely associated with PVP, although these bands were not
previously reported and their exact assignment is unknown at this time.
Conceivably, these bands were related to a specific structure of the polymer NPs
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globular on the metal surface. No obvious PDDA bands were present for P:Ag
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Figure 3.7: SERS spectra of
A) 1PVP:5PDDA P:AgNPs
and B) 1PVP:5PDDA
P:AgNPs and 250 nm
unmodified AgNP assemblies.
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Figure 3.8: SERS spectra of
80 nM 4-Mercaptobenzoic
acid in suspensions of A)
1PVP:5PDDA P:AgNPs, B)
250 nm unmodified AgNPs,
and C) 1PVP:5PDDA
P:AgNPs and 250 nm
unmodified AgNP
assemblies.

The spectrum changed noticeably upon self-assembly with unmodified
AgNP cores. New strong bands at 790 cm-1, 675 cm-1, and 580 cm-1 appeared,
all characteristic of PDDA (Figure 3.7B) [34] and some of the bands associated
with PVP increased in intensity. SERS from PVP is usually stronger than SERS
from PDDA under the same conditions due to larger polarizability of the pyridyl
group and its stronger covalent bonding to silver as compared to PDDA [31].
However, in the case of the nanoparticle assemblies, the PDDA SERS spectrum
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became stronger after the self-assembly because of the direct contact of the
surface PDDA with large Ag NP cores. These large Ag NP cores have large light
scattering cross section as compared to that of the smaller P:Ag NPs and
therefore act as stronger ‘enhancers’ of Raman scattering. For the same reason,
SERS of PVP was weaker because the polymer was immobilized on the surface
of the P:Ag NPs with smaller light scattering cross section. It is believed that the
SERS observed in this system originated from the plasmon-induced electron
coupling between the oscillating electrons in AgNPs and the electronic system of
the polymers [31,32]. The SERS data supports the conclusion that PDDA is on
the surface of the polymer shell.
The SERS activity of nanoparticle assemblies was also verified with a
commonly used probe molecule 4-mercaptobenzoic acid. SERS spectra were
recorded from 80 nM 4-mercaptobenzoic acid separately added to suspensions
of P:Ag NPs, 250 nm unmodified Ag NPs, and the nanoparticle assemblies
formed by the mixture of the two (Figure 3.8). SERS spectra from the first two
preparations were weak without noticeable contribution from the probe
molecules; however the nanoparticle assemblies yielded strong SERS spectra
containing contributions from 4-mercaptobenzoic acid and PDDA.

Bands at

1073 cm-1, 1384 cm-1, and 1582 cm-1 correspond to ν8a aromatic ring vibration,
νs(COO-), and ν12 aromatic ring vibration of 4-mercaptobenzoic acid respectively

[35], whereas band at 580 cm-1 and 790 cm-1 correspond to PDDA.
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CONCLUSIONS
The described synthetic procedures provide a simple method for coating
Ag NPs with functional polymer shells. By varying the ratio of polymers, it is also
possible to change the binding affinities between Ag NPs and P:Ag NPs. The
procedures can be extended to combinations of other polymers as was
demonstrated

with

other

polymer

combinations

such

as

PVP:poly(styrenesulfonate), PVP:poly(ethylene imine), and PVP:(polyacrylic
acid).

The corresponding data is not discussed here because the observed

behavior was the same as in the case of PVP:PDDA. In all cases hydrophobic
PVP was chosen due to strong affinity to the silver surface and as a binding layer
between silver and hydrophilic polymer.
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CHAPTER FOUR
DEPOLARIZED LIGHT SCATTERING FROM INDIVIDUAL IMMOBILIZED
SILVER NANOPARTICLES

INTRODUCTION
When an electromagnetic field in the visible spectral range is incident
upon a noble metal NP (Cu, Ag, or Au), the free electrons on the surface of the
particle collectively oscillate with the same frequency as the incident light. The
oscillations are called surface plasmon resonances. The excitation of plasmon
resonances is the most efficient process by which light interacts with matter [1].
By inducing strong evanescent fields on the surface of the NPs [2], plasmon
resonances can “enhance” many optical processes such as Raman scattering
(SERS), fluorescence [3], infrared absorption [4], second harmonic generation
[5], and Rayleigh scattering.

For instance, Ag NPs with diameters of

approximately 100 nm have Rayleigh scattering cross-sections that are six times
larger than their geometric cross-sections [6], making them ideal optical labels
[7].

The study of elastic light scattering from noble metal nanoparticles,

particularly gold and silver, has become increasingly important in recent years
because of their potential in sensing and imaging applications. For example,
MacFarland and VanDuyne demonstrated the sensing of a self-assembled
monolayer of 1-hexanedecanethiol molecules on a single Ag NP by measuring
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the light that was scattered from the NP before and after exposure to the thiol
molecules [8].
Improved synthetic methods to produce NPs of various shapes in the last
decade have allowed researchers to study polarization dependent Rayleigh
scattering from Au and Ag NPs of different shapes and aspect ratios. Examples
of noble metal NPs that have been synthesized and characterized by polarization
dependent scattering methods include individual Au [9,10] and Ag [11] nanorods,
star-shaped Au NPs [12], Ag triangles [13], and Ag cubes [13].
coworkers

recorded dark-field

images of

non-polarized,

Aaron and

polarized,

and

depolarized light scattered from spherical and stellated Au NPs finding significant
differences in scattering intensities dependent on the incident polarization and
the NP shape [14]. The scattered light is called depolarized when the direction of
the oscillating electric vector is perpendicular to that of the incident light.
Depolarized scattering spectra have been measured from colloidal suspensions
of Ag NPs [15,16], Au NPs [17], Au nanorods [18,19], and Au nanorods with Ag
caps [20]. Khlebtsov and coworkers reported that the intensity of depolarized
light scattered from Au nanorods exceeded the theoretical depolarization ratio
limit of 1/3 for non-resonant system [18]. The depolarization ratio is a measure of
the depolarized scattered light intensity divided by the incident light intensity. In
the following work, I report on the depolarized light scattering from individual Ag
NPs as a function of the incident polarization angle for the first time.
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EXPERIMENTAL
Silver NPs were synthesized by the H2 reduction of Ag2O that was partially
dissolved in ultrapure water [21]. Structures consisting of two Ag NPs (dimers)
were formed by first adsorbing polyethyleneimine to glass microscope slides
followed by the adsorption of Ag NPs to the polymer modified glass.

The

immobilized Ag NPs were then submerged in a vessel containing 1 mM adenine
for one hour to form a monolayer of adenine on the Ag NP surfaces followed by
rinsing and exposure to a "fresh" suspension of Ag NPs. The "fresh" Ag NPs
adsorbed to the adenine modified Ag NPs forming small clusters. The clusters
were stabilized by synthesizing a glass shell around them using the silica soI-gel
method [22].

After forming the glass shells, the clusters (60% dimers) were

stripped from the microscope slide by placing a vessel containing the NP coated
slide and water into an ultra-sonication bath.
In order to record depolarized scattering spectra from Ag NP suspensions,
20 µL (optical density ~ 1) of the colloid was sealed in between two cover slips
using vacuum grease. In order to acquire optical measurements and electron
microscopy images of individual Ag NPs, they were first immobilized on an
indium tin oxide (ITO) coated glass substrate (Delta Technologies) through the
adsorption of poly (4-vinylpyridine) to the ITO surface followed by the adsorption
of Ag NPs to the poly (4-vinylpyridine) [23]. After forming a dense layer of Ag
NPs on the ITO substrate, a vial containing the substrate and water was placed
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in an ultrasonication bath to remove the majority of the NPs. The substrate was
then rinsed with ultrapure water and dried with a stream of N2 gas.
An inverted microscope (Olympus IX-71) with a 100x objective (UPlanFl,
oil immersion, 1.3 NA) and a motorized stage (Prior) was utilized to collect
images of the Ag NPs. The Ag NPs were illuminated with the emission from a
100 W halogen bulb. A motorized rotating polarizer (home built) was attached to
the microscope above the substrate and a manual rotating polarizer that was 90°
offset from the first polarizer was attached below the substrate (Figure 4.1). The
crossed polarizers allowed linear polarized light to illuminate the samples and
only depolarized light to pass through to the detector.

One drop of glycerol

(n=1.47) or immersion oil (n=1.48) was dispensed on a cover slip which sat
above the objective and the Ag NP decorated substrate was placed upside down
on the glycerol/oil drop. The images of single Ag NPs (or several in suspension)
were projected onto the entrance slit of a Horiba iHR320 spectrograph which had
a wedge depolarizer installed at the entrance and an Andor IDus CCD detector
installed at the spectrograph’s exit. The depolarized scattering spectra of Ag
NPs along with NP free areas (blanks) were collected in 10° increments over
360° incident light polarization by rotating both polarizers simultaneously
maintaining their orthogonal orientation.

The spectra were normalized by

subtracting the blank spectrum from the NP spectrum and multiplying by a factor
based on the inverse of the incident light spectrum. Optical microscopy images
were recorded with an Andor Ixon EMCCD and a Sony consumer digital camera
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Figure 4.1: Experimental setup.
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(DSC-H20).

Electron microscopy images were recorded using a Hitachi FE

4800. The UV-Vis extinction spectrum was recorded with a Shimadzu UV-2501
PC.
RESULTS AND DISCUSSION
Silver NPs in aqueous colloidal suspensions were studied first before
individual Ag NPs were characterized. The UV-Vis extinction spectrum of the ca.
80 nm diameter NPs exhibit a characteristic dipolar resonance at 467 nm (Figure
4.2A, dashed line). The UV-Vis extinction spectrum of the ca. 100 nm diameter
NPs has a dipolar resonance centered at 497 nm and a quadrupolar resonance
centered at 426 nm (Figure 4.2B, dashed line). The ca. 100 nm Ag NPs were
also dispersed in 90% glycerol in order to determine the effect of the higher
refractive index medium. Glycerol caused a red shift of the dipole to 535 nm (38
nm shift) and the quadrupole to 440 nm (14 nm shift), respectively (Figure 4.2B,
dotted line). Higher order resonance modes are less affected by the surrounding
medium than the lower order resonant modes, therefore the red shift of the dipole
is larger than that of the quadrupole. It is known that the scattering spectra of
colloids with Ag NPs larger than 30 nm in diameter follow their corresponding
extinction spectra [21].

Similarly, the depolarized scattering spectrum of the

colloids in water resembled the extinction spectrum in both the shape and
position of the dipole and quadrupole (Figures 4.2A and 4.2B, solid lines). Note
that the Ag NPs used in this study were not spherical and can be characterized
as having different aspect ratios (Figure 4.2C).
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Eight different Ag NPs were selected for individual studies to represent the
characteristic shapes found in the suspensions in addition to two Ag NP dimers.
The NPs generally appeared as uniform dark spots when imaged in bright field
with an optical microscope (Figures 4.3A, 4.11A, 4.21A, and 4.25A). When
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Figure 4.2: UV-Vis extinction spectra of A ) ca. 80 nm
and B) ca. 100 nm Ag NPs dispersed in water (dashed
lines) and dispersed in glycerol (dotted line).
Depolarized scattering spectra of A ) ca. 80 nm and B)
ca. 100 nm Ag NPs dispersed in water (solid lines). C)
Electron microscopy image of ca. 100 nm Ag NPs.
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imaged in the crossed-polarized geometry, some NPs appeared as spots of
different brightness and colors while some of the NPs were no longer visible
(Figures 4.4, 4.12, 4.22, and 4.26). As the incident polarization was rotated, the
NPs color and intensity continued to change (Figures 4.4, 4.12B, 4.22, and 4.26).
The color representation in these Figures may not correspond to the ‘true
color’ of the NPs because the images were taken with a color digital camera.
Color digital cameras are equipped with CCD chips that have different filters
(RGB or CMYK) in front of each pixel forming a mosaic pattern. When a small
object comparable to the size of individual pixels is imaged by such cameras, the
color of the object will appear different depending upon which specific pixel (with
a specific filter) preferentially senses the light from the object.
Electron microscopy images were recorded in order to relate the NP size
and shape to their depolarized scattering spectra measured in cross-polarized
geometry (Figures 4.3B, 4.11B, 4.21B, 4.25B).
Depolarized scattering spectra from the individual Ag NPs were measured
as a function of the incident polarization angle as defined relative to the
orientation of the NPs (Figures 4.5 – 4.10, 4.13 – 4.20). In all measurements, the
overall intensity of depolarized scattered light was minimized when the incident
polarization was aligned with the short or long axes of the NPs and was
maximized when the polarization was aligned with the direction between the
axes.

There was an average of 45° polarization rotation angle between the

maxima and minima intensities of depolarized scattered light and an average of
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90° polarization rotation from maxima to maxima and from minima to minima as
the polarization vector was rotated the whole circle (360°). The depolarized
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5 µm
Figure 4.3: A) Bright field optical microscopy image
of ca. 80 nm Ag NPs and B) corresponding electron
microscopy image. The smaller black scale bars
are equal to 50 nm.

scattering spectra from the dimers behaved in the same manner as the individual
Ag NPs (Figures 4.23, 4.24, 4.27, and 4.28). Silver NP dimers behaved similarly
to individual non-spherical Ag NPs because they are composed of NPs that are
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Figure 4.4: Depolarized optical
microscopy image of ca. 80 nm Ag NPs at
340º, 20º, and 40º incident polarization
angle.
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plasmon coupled/electronically coupled and behave more as one new structure
rather than the sum of two separate structures as was seen in Chapter 3. Note,
that the two polarizers were rotated simultaneously while maintaining their cross
polarized relative orientation. The above behavior can be explained as follows.
Each nonspherical Ag NP can be characterized by three axes (x, y, z), along
which the electron density oscillates producing three plasmon resonance modes.
Assuming that the dimensions are not equal to one another, each mode has a
frequency as determined by its polarizability. For simplicity, we assume that the
incident electromagnetic field propagates along the z-axis with the polarization
vector in the x-y plane that coincides with the x and y axes of the immobilized Ag
NP. Note that when the Ag NPs are immobilized on the substrate, the x and yaxes may or may not be parallel to the substrate, however, for the explanation of
the basics of depolarized light scattering it is assumed that they are. The
polarization vector of the incident light with an arbitrary orientation can be
resolved into x and y components that lie along the short and long horizontal
axes of the NP. When the polarization of the incident light is aligned with one
axis of the NP, only one corresponding resonance is excited. When the incident
polarization vector is aligned with one axis, only one corresponding resonance is
excited and the particle is polarized along this axis. The induced polarizability
produces scattered light in this case that is polarized in the same direction as the
incident light and no depolarization takes place.
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However, when the incident polarization is aligned between the two axes
of the NP, both resonances are excited. It is important in this case that the two
resonances have maxima at different frequencies but also have a sizable
frequency overlapping region.

When exciting in this overlapping region, the

excitation takes place on the red side of one resonance and on the blue side of
the other one (Figure 4.29A). It is well known from the electrodynamic theory of
light that the excitation on the red side of any resonance produces induced
polarization in-phase with incident field, whereas the excitation on the blue side
of the resonance generates the induced polarization that is out-of-phase (Figure
4.29B).

When the two resonances are excited in the overlapping frequency

region, the induced polarizations along the two axes oscillate with a phase
difference relative to each other because one resonance is excited on the red
side while the other one on the blue side (Figure 4.29B). These two dephased
induced polarizations interfere in the sense they produce a resultant component
that is rotated relative to the electric vector of the incident light (Figure 4.30B).
This rotated induced polarization, specifically its perpendicular component to the
direction of the incident electric vector is responsible for the appearance of the
depolarized scattered light.
The intensity of the depolarized scattering is proportional to the excitation
efficiency of the two resonances as well as to the phase difference between the
two orthogonal induced polarizations in the NP because the phase difference
determines the angle, to which the resultant component of the induced
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polarization in the NPs is rotated relative to the incident electric vector. The
phase difference depends upon spectral overlap between the two resonances:
when the two resonances are far apart, the phase difference approaches 180°
when excited in the spectral region between the resonances.

However, the

efficiency of the excitation of the two resonances is also low. As the spectral
overlap increases, the dephasing is reduced, but the efficiency of the excitation
increases. Therefore, there is an optimum spectral overlap where the excitation
should take place to provide a compromise between the excitation efficiency and
dephasing to produce the strongest depolarized scattering.
This model was calculated in [24], in which the authors explained that the
“enhanced” depolarization effect of Ag NPs stems from the interference of
plasmon resonances. They theoretically found that by exciting a spheroidal Ag
NP (with two plasmon resonances) at the frequency between the resonances
and averaging all possible NP orientations for each frequency, dephasing takes
place between the short and long axis oscillations. Large dephasing makes the
polarization of the scattered field nearly perpendicular to that of the incident field
thereby increasing the depolarization efficiency.
The maximum intensity of depolarized light scattered by the Ag NPs was
dependent on their aspect ratio. It was found that the intensity increased with the
increase of the NP’s aspect ratio (Table 1). For instance, NP 8 had the largest
aspect ratio (1.82) and scattered more than seven times (7x) more depolarized
light than NP 6, which had the smallest aspect ratio (1.04). Nanoparticle 1 was
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Figure 4.5: Depolarized scattering spectra of NP 2 from 340º - 150º
incident polarization.
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Figure 4.7: Depolarized scattering spectra of NP 3 from 10º - 180º
incident polarization.
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Figure 4.8: A) X-Y plot and B) radar plot of the depolarized scattering
maximum intensity from NP 3 as a function of the relative incident
polarization angle. Intensity in B) is normalized to Figures 4.6B and
4.10B for direct comparison of scattering intensity from ca. 80 nm Ag NPs
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Figure 4.9: Depolarized scattering spectra of NP 4 from 340º - 150º
incident polarization.

80

Depolarized Scattering Intensity (a.u)

A

3500
3000
2500
2000
1500
1000
500
0
0

50

100

150

200

250

300

350

Incident Polarization Angle (°)

B
80

100
120

60
40

140

20

160
180

0°

200

340
320

220
300

240
280

260

Figure 4.10: A) X-Y plot and B) radar plot of the depolarized scattering
maximum intensity from NP 4 as a function of the relative incident
polarization angle. Intensity in B) is normalized to Figures 4.6B and
4.8B for direct comparison of scattering intensity from ca. 80 nm Ag NPs
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Figure 4.11: A) Bright field optical microscopy
image of ca. 100 nm Ag NPs and B)
corresponding electron microscopy image. The
black scale bars are equal to 50 nm.

82

A
5

6

7

8
5 µm

B

6

6

2µm

2µm

2µm

7

8

6

160°

7

7

8

180°

8

200°

Figure 4.12: Depolarized optical microscopy image of ca. 100 nm Ag NPs at
A) 0º and B) three consecutive incident polarization angles 160º, 180º, and
200º.
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Figure 4.13: Depolarized scattering spectra of NP 5 from 10º - 180º
incident polarization.
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Figure 4.14: A) X-Y plot and B) radar plot of the depolarized scattering
maximum intensity from NP 5 as a function of the relative incident
polarization angle. Intensity in B) is normalized to Figures 4.16B and
4.18B for direct comparison of scattering intensity from ca. 100 nm Ag NPs
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Figure 4.15: Depolarized scattering spectra of NP 6 from 30º - 200º
incident polarization.
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Figure 4.16: A) X-Y plot and B) radar plot of the depolarized scattering
maximum intensity from NP 6 as a function of the relative incident
polarization angle. Intensity in B) is normalized to Figures 4.14B and
4.18B for direct comparison of scattering intensity from ca. 100 nm Ag NPs
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Figure 4.17: Depolarized scattering spectra of NP 7 from 70º - 240º
incident polarization.
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Figure 4.18: A) X-Y plot and B) radar plot of the depolarized scattering
maximum intensity from NP 7 as a function of the relative incident
polarization angle. Intensity in B) is normalized to Figures 4.14B and
4.16B for direct comparison of scattering intensity from ca. 100 nm Ag NPs
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Figure 4.19: Depolarized scattering spectra of NP 8 from 350º - 160º
incident polarization.
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Figure 4.20: A) X-Y plot and B) radar plot of the depolarized scattering
maximum intensity from NP 8 as a function of the relative incident
polarization angle. Intensity in B) is normalized to Figures 4.24B and
4.28B.
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Figure 4.21: A) Bright field optical microscopy image
of Dimer 1 and B) corresponding electron microscopy
image.
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Figure 4.22: Depolarized optical microscopy image
of Dimer 1 near scattering intensity minima at 40º
and maxima at 160º.
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Figure 4.23: Depolarized scattering spectra of Dimer 1 from 0º - 170º
incident polarization.
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Figure 4.24: A) X-Y plot and B) radar plot of the depolarized scattering
maximum intensity from Dimer 1 as a function of the relative incident
polarization angle. Intensity in B) is normalized to Figures 4.20B and
4.28B.
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Figure 4.25: A) Bright field optical microscopy image
of Dimer 2 and B) corresponding electron microscopy
image.
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Figure 4.26: Depolarized optical
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scattering intensity maxima at 90º and
minima at 140º.
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Figure 4.27: Depolarized scattering spectra of Dimer 2 from 10º - 180º
incident polarization.
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Figure 4.28: A) X-Y plot and B) radar plot of the depolarized scattering
maximum intensity from Dimer 2 as a function of the relative incident
polarization angle. Intensity in B) is normalized to Figures 4.20B and
4.24B.
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Figure 4.29: A) Theoretical extinction spectrum of a two-dimensional
Ag NP having two frequency overlapping plasmon resonances. B)
Graph of the phase of the induced polarizations of the two frequency
overlapping plasmon resonances showing the phase difference
between the two resonances if excited at 525 nm.
(adapted from reference 24)
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Figure 4.30: Induced particle polarization diagrams: A) Resultant scattered light
has polarization mostly parallel to the incident light polarization (same polarization
as incident light). B) Resultant scattered light has polarization mostly perpendicular
to the incident light polarization (depolarized).
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Table 4.1: Summary of data extrapolated from the depolarized scattering spectra of NPs 1 – 8 and Dimer 1and 2 (D1and D2).
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nearly symmetrical and had an aspect ratio equal to one.

No spectra were

measured from NP 1 because its depolarized scattering signal was too weak to
accurately record.
Depolarized scattering spectra from Ag NPs are generally complex, most
likely reflecting the excitation and interference of multiple plasmon modes in the
NPs.

The spectra are simpler for smaller particles indicating the primary

excitation of dipolar modes, whereas higher multipolar components such as
quadrupoles, octupoles are expected in larger Ag NPs. The spectra of NP 2 and
NP 3 were characterized by two peaks: one in the blue spectral region and one in
the green spectral region.

The spectra of NP 5, NP 7, and NP 8 were

characterized by a peak the blue/green spectral region and another in the
green/red spectral region. The spectra of all other studied individual NPs that
were of ca. 80 nm and ca. 100 nm primarily contained one strong peak in the
blue/green spectral region. The spectra of Dimer 1 had several peaks across the
visible spectrum and Dimer 2 was much less complex having a strong peak in
the green spectral region with a shoulder in the red spectral region. As the
incident polarization was rotated, the relative intensities of the peaks changed.
The interpretation of the depolarized scattering spectra is complicated by the fact
that the shape of the NPs is not spheroidal but polyhedral with sharp corners and
possibly three unequal axes.

The depolarized scattering from such particles

originates from the interference of plasmon modes along all three axes. Also, the
spectral dependence of the light scattering by Ag NPs is strongly affected by the
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frequency dependence of the complex dielectric function of the metal. Whereas
the imaginary part of the dielectric function that determines light absorption
remains relatively unchanged in the visible spectral range, the real part increases
rapidly in the red spectral range favoring scattering over absorption (refer to
Figure 1.1 in Background section of Chapter 1).

This results in significantly

stronger light scattering in the red spectral range as compared to the blue.
The intensity and the spectra of the depolarized scattering were also
dependent on the NP’s dimensions (Table 1). Depolarized scattering intensity
roughly increased with NP size as the ca. 100 nm Ag NPs scattered on average
more light than the ca. 80 nm Ag NPs. In addition, the spectral positions of the
blue and red peaks were roughly dependent on the x and y dimensions of the
NPs. For example, a small dimension (79 nm) scattered in the blue spectral
range at λmax = 453 nm, while the large dimension (144 nm) scattered in the red
at λmax = 698 nm. It is well known that the wavelength of the maximum extinction
from UV-Vis spectra of Ag NP colloids is dependent on the Ag NP size, whereas
an increase in size is manifested by red-shifted plasmon resonances. Also, as
the relationship between Ag NP size and the spectral position of their
corresponding dipole component of the plasmon resonance is linear in the UVVis extinction spectra [21], it is expected that the same linear relationship would
extend to depolarized scattering spectra as well. However, upon examination of
the data in Table 1, it became apparent that the relationship between the peak
positions and NP size was not linear.
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While some peak positions and NP

dimensions correlated fairly well, the majority of them did not. For example, a 5
nm difference between the blue peaks of NP 2 and NP 3 was manifested by a 7
nm difference in peak position while a 2 nm difference between the red peaks of
NP 2 and NP 3 was manifested by a 25 nm difference in peak position. The
reasoning behind this non-linearity is discussed below.
The nonlinear relationship between NP dimensions and spectral maxima
of depolarized scattered light can be justified by comparing the ratios of
depolarized scattered light at the maximum intensity (Imax) to depolarized
scattered light at the minimum intensity (Imin), Table 1. Nanoparticle 5 had the
lowest Imax / Imin ratio, implying that a significant amount of depolarized light was
scattered at all incident polarizations. The low ratio indicated that the incident
field’s propagation was not parallel to the z-axis of the NP and therefore excited
two or three resonances at each polarization angle.

If the incident light

propagation was not parallel to the z-axis of the NP and the resonance frequency
of the z-component is different than the x and y components (different particle
dimensions along the three axes), the wavelength and intensity of the
depolarized scattered light would also be influenced by the contribution from the
z-component polarizability.

Unfortunately, I can only speculate on the actual

magnitude of the z-dimension, because only the x and y-dimensions are visible in
the electron microscopy images. The Imax / Imin data suggested that the z-axis of
several studied NPs was not well aligned with the direction of the incident field
propagation. In fact, upon examination of the electron microscopy images in
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Figure 4.11B, NP 6 and NP 7 appeared to be immobilized with their z-axis
slightly tilted to the substrate as was concluded from the appearance of the
crystal facets. Nanoparticle 4 had the highest Imax / Imin ratio out of the Ag NPs
suggesting that the incident light propagation was closely aligned with its z-axis.
The depolarized scattering contribution from the z-component of the
induced particle polarization was also apparent when observing the spectra of
NP 6 (Figure 4.15). As the incident polarization was rotated, the most intense
peak at the majority of angles was near 488 nm corresponding to scattering from
the interference of x and y-components polarizabilities of the Ag NP. However,
at 160° incident polarization, the peak near 488 nm became insubstantial and a
new peak at 560 nm dominated the spectrum. After rotating the polarization to
170°, the 560 nm peak blue shifted back towards 488 nm. The origin of the 560
nm peak most likely related to depolarized scattering from the interference of x,z
or/and y,z component polarizabilities of the NP. The peak position shifts of NP 6
can also be observed in the cross-polarized images (Figure 4.12).

At 160°

incident polarization the NP appeared dark green. After the polarization was
rotated to 180°, the peak with a shoulder shifted to 498 nm and appeared
brighter green. By 200°, the spectrum had a sharp peak centered at 488 nm and
the NP appeared blue.
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CONCLUSION
The main purpose of these studies above was to reveal and understand
the fundamental principles behind depolarized scattering by Ag NPs that can
guide the design of optimized structures capable of exhibiting strong depolarized
scattering and be used in optical labeling applications. The advantage of this
type of optical labels is that they can be seen on essentially a black background.
In addition, they can be used to study rotational dynamics because the intensity
of the depolarized scattered light strongly depends upon the orientation of the
NPs relative to the incident polarization.

When rotational dynamics are

permitted, the nanoparticles as viewed in the cross polarized geometry, will blink;
the particles will stop blinking when the rotational dynamics are halted.
The experimental data generated in these studies generally support the
theoretical model and can be summarized as follows:
(1) The depolarized scattering intensity is very sensitive to the shape of the NPs.
As can be seen from the data, indiscernible by eye differences in the shape (its
asymmetry) results in measurable changes of the intensity and shape of the
scattered light. For example, NP 2 and NP 4 have very similar aspect ratios and
are close to the same size, however their depolarized scattering spectra are very
different. By carefully controlling the Ag NP shape and orientation, one may
potentially observe depolarized light of multiple wavelengths and with narrow
bandwidths.
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(2) The angular dependence of the depolarized scattering spectra from the Ag
NPs is very complicated and reflects the complexity of the plasmon modes in the
NPs, especially larger ones.
(3)

Depolarized scattering intensity increases with aspect ratio.

However,

largely asymmetric NPs will produce plasmon resonances that do not
significantly overlap and therefore will not produce strong depolarized scattering.
Even though this specific issue was not studied here, I speculate that the
particles with the aspect ratio about 2 will produce the strongest depolarized
scattering. A detailed study of this issue is proposed for the future.
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CHAPTER FIVE
CONCLUSION AND FUTURE DIRECTION

The main motivation for studying plasmonic Ag NPs comes from their
strong interaction with visible and near-IR light, wide tunabilty of the optical
properties, and (photo)chemical robustness. As such, Ag NPs will find use in
many applications including optical labeling, sensing associated with surfaceenhanced phenomena, light capturing and light emission systems, etc.

The

research that is presented in this dissertation addresses fundamental problems
related to depolarized scattering, NP stabilization, and NP surface modification,
all critical issues for many sensing and labeling applications.
Single particle depolarized scattering spectroscopy was performed for a
variety of particles shapes and sizes as well as various dimers for the first time.
This information was correlated with the particle orientation relative to the
polarization vector to establish general principles of this phenomenon.
Depolarized scattering represents an ideal method for imaging Ag NPs.
Measuring depolarized scattered light from Ag NPs for sensing applications is
advantageous because this method provides high signal to noise ratio with
simple to operate and inexpensive hardware. These fundamental studies lay
groundwork for several new research projects that will be conducted in the
Chumanov lab. While I studied the fundamentals of depolarized scattering from
Ag NPs, new projects will focus on applications such as bioassays and biological
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cell labeling.

In addition, the self-assembled Ag NP clusters described in

Chapter 3 will be interrogated for their depolarized scattering properties in order
to find architectures that produce strong signals with less orientation
dependence. Contrary, strong orientation dependence of depolarized scattering
can be explored as an alternative detection scheme based on ‘blinking’ as the
polarization of the incident light is rotated.
New methods for encapsulation of Ag NPs in protective shells also
resulted from this work. These methods are not only important for protecting the
NPs in high ionic strength solutions where many aforementioned applications
take place but also provide a convenient scaffold for surface modifications. The
fructose method for the formation of the carbon shell is simple, inexpensive,
environmentally friendly, and easily scalable.
The reprecipitation of binary mixtures is another method for formation of
polymer shells around NPs. Its additional advantage stems from the diversity of
polymers that can be used. Different responsive polymers can provide shells
that will change their properties based on the environmental factors such as pH,
temperature, chemical environment, etc.
work.

These studies will comprise future

In addition, reprecipitation of binary mixtures method was used to

assemble small stable clusters by mixing Ag NPs with polymer shells that have
an affinity to the Ag surface with unmodified Ag NPs.

The work set the

foundation for further studies into the self-assembly of Ag NPs as well as
plasmon coupling in Ag NP clusters.
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